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ABSTRACT

A hybrid parameterization for the determination of in-water solar fluxes is developed and applied to compute
the flux of solar radiation that penetrates beyond the upper-ocean mixed layer into permanent pycnocline waters
on global space and climatological timescales. The net flux of solar radiation at depth is modeled using values
of the solar flux incident at the sea surface, derived from the International Satellite Cloud Climatology Project
dataset, and in-water attenuation coefficients, determined using upper ocean chlorophyll concentration supplied
by Coastal Zone Color Scanner imagery. Solar radiation penetration can be a significant term (20 W m™?) in
the mixed layer heat budget for tropical regions. In mid- and high-latitude regions, the annual solar flux entering
permanent pycnocline waters is small (<5 W m™2). However, solar penetration in these regions is important
on seasonal timescales since annual cycles in incident solar flux, upper-ocean chlorophyll concentration, and
mixed layer depth cause trapping of penetrating solar energy of O(10 W m™?) within the seasonal pycnocline.
This trapped thermal energy is unavailable for atmospheric exchange until winter—a period as long as nine
months. A nondimensional parameter is introduced that quantifies the fraction of incident solar radiation con-
tributing to mixed layer radiant heating. This parameter can be used to characterize the relative importance of
solar penetration to ocean mixed layer thermal climate.
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1. Introduction

Quantitative knowledge of momentum, heat, and
buoyancy fluxes at the air—sea interface is necessary
for proper forcing of upper-ocean models. Air—sea in-
teraction processes generally act upon the sea surface
itself, applying a shear stress, cooling, or altering salin-
ity. Fluxes of solar radiation differ. Solar radiation
passes beyond the air—sea interface, and through its
vertical divergence can directly heat well below the
ocean surface. Solar energy can penetrate beyond the
base of the oceanic mixed layer, becoming lost to im-
mediate mixed layer heating and further sea—air ex-
changes. The quantification of solar radiation penetrat-
ing the mixed layer base is critical to the accurate de-
termination of mixed layer heating rates. Lewis et al.
(1990) calculated the climatological mean flux of solar
radiation penetrating the mixed layer in the equatorial
Pacific to be as large as 50 W m ™2, Compared to the
case of complete solar absorption, this penetrative flux
results in a reduction in the heating rate of a 20-m
mixed layer of more than 1.5°C mo . The penetrative
component of solar radiation can vary significantly on
synoptic to seasonal timescales due to planetary solar

Corresponding author address: Mr. J. Carter Ohlmann, Institute
for Computational Earth System Science, University of California,
Santa Barbara, CA 93106.

E-mail: carter@icess.ucsb.edu

cycles, mixed layer evolution, and changes in radiation
attenuation due to variations in algal pigment concen-
trations. For example, a typical change in mixed layer
phytoplankton pigment concentration of 0.10 mg m™>
results in a corresponding change in the penetrative so-
lar flux at 20 m of order 10 W m~2 (Lewis 1987; Lewis
et al. 1990; Siegel et al. 1995).

The attenuation of downwelling solar radiation with
depth in the upper ocean is generally described by the
sum of vertically decaying exponential functions. The
ocean mixed layer model of Kraus and Turner (1967)
employs a single exponential function, while more re-
cent parameterizations address particular spectral
regions, each with differing attenuation lengths (Kraus
1972; Paulson and Simpson 1977; Zaneveld and Spin-
rad 1980; Woods et al. 1984; Morel 1988; Morel and
Antoine 1994). The number of spectral regions con-
sidered by these models ranges from two to more than
100. The evolution of upper-ocean structure from
mixed layer model results has been found to be ex-
tremely sensitive to e-folding lengths used in the solar
attenuation parameterization (e.g., Kraus and Turner
1967; Denman 1973; Simpson and Dickey 1981;
Woods and Barkmann 1986; Price et al. 1986). Atten-
uation coefficients are functions of the light attenuating
materials within the water column and thereby (for cli-
matological timescales ) location. A recent global study
of solar transmission characteristics uses data (mostly
Secchi disk depth observations) dating back to the
1940s to determine solar extinction coefficients (Si-
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